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Development of an Ultra-Wideband Receiver
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ABsTRACT. — The North America Array (NAA) is a concept for a radio astronomical interfero-
metric array operating in the 1.2 GHz to 116 GHz frequency range. It has been designed to
provide substantial improvements in sensitivity, angular resolution, and frequency cover-
age beyond the current Karl G. Jansky Very Large Array (VLA). It will have a continuous
frequency coverage of 1.2 GHz to 50 GHz and 70 to 116 GHz, and a total aperture 10 times
more sensitive than the VLA (and 25 times more sensitive than a 34-m-diameter antenna of
the Deep Space Network [DSN]). One of the key goals for the NAA is to reduce the operating
costs without sacrificing performance. We are designing an ultra-wideband receiver package
designed to operate across the 8-48 GHz frequency range in contrast to the current VLA,
which covers this frequency range with five receiver packages. Reducing the number of
receiving systems required to cover the full frequency range would reduce operating costs.
To minimize implementation, operational, and maintenance costs, we are developing a
receiver that is compact, simple to assemble, and that consumes less power. The objective
of this work is to develop a prototype integrated feed-receiver package with a sensitivity
performance comparable to current narrower-band systems on radio telescopes and the
DSN, but with a design that meets the requirement of low long-term operational costs.

The ultra-wideband receiver package consists of a feedhorn, low-noise amplifier (LNA), and
downconverters to analog intermediate frequencies. Both the feedhorn and the LNA are
cryogenically cooled. Key features of this design are a quad-ridge feedhorn with dielectric
loading and a cryogenic receiver with a noise temperature of no more than 30 K at the low
end of the band. In this article, we report on the status of this receiver package develop-
ment, including the feed design and LNA implementation. We present simulation studies of
the feed horn carried out to optimize illumination efficiencies across the band of interest. In
addition, we show experimental results of low-noise 70-nm gallium arsenide, metamorphic
high-electron-mobility-transistor (HEMT) amplifier testing performed across the 1-18 GHz
frequency range. Also presented are 8-48 GHz simulation results for 35-nm indium phos-
phide HEMT amplifiers.

* Communications Ground Systems Section.

F Tracking Systems and Applications Section.

f Instrument Systems Implementation and Concepts Section.
A Instrument Electronics and Sensors Section.
Alnterplanetary Network Directorate.

The research described in this publication was carried out by the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics and Space Administration. © 2016 California Institute
of Technology. U.S. Government sponsorship acknowledged.



l. Introduction

The North America Array (NAA) is a concept for a next-generation radio telescope array
operating in the 1.2 GHz to 116 GHz frequency range.! It will consist of approximately 300
antennas with baselines extending to 300 km. The NAA is expected to have continuous fre-
quency coverage of 1 GHz to 50 GHz and 70 GHz to 116 GHz, and a total aperture 25 times
more sensitive than a 34-m-diameter antenna of the Deep Space Network (DSN). JPL is in a
unique position both to enable the NAA and to benefit from it. With its frequency cover-
age, the NAA would cover all the deep-space communication frequency allocations and all
the planetary radar frequency allocations. We should point out that the NAA is also known
as the next-generation VLA. Figure 1 shows a plot of effective collecting area as a function
of frequency for various telescopes. Note that the NAA (NextGen VLA) will have 10 times
the collecting area of the Karl G. Jansky VLA (JVLA) and the Atacama Large Millimeter-wave
Array (ALMA).
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Figure 1. Plot showing effective collective area as a function of frequency for various telescopes.
(SKA = Square Kilometre Array; NOEMA = Northern Extended Millimeter Array)

The effort we are reporting here focuses on the development of a prototype ultra-wideband
feed-receiver package for the NAA. Much like the case for the DSN, operational costs are
increasingly recognized as a factor in determining the viability for current and future radio
telescopes. For the NAA to achieve the required sensitivity, the feed-receiver systems will
have to be cryogenically cooled, but in order to minimize operational costs associated with
the cryogenics, the number of such feed-receiver systems should be minimized. Similarly,
integrated and easily serviceable feed-receiver systems are expected to reduce maintenance
costs and downtime. These considerations lead us to target the development of a single,
integrated, cryogenically cooled feed-receiver package with a continuous instantaneous

1 National Radio Astronomy Observatory, “Next Generation Very Large Array,” https://science.nrao.edu/futures/ngvla



frequency coverage of 8-48 GHz that delivers a sensitivity performance comparable to
current narrower-band systems on radio telescopes and the DSN. The aforementioned
receiver should be low cost, easy to manufacture, and easy to service. In concert with other
researchers from other organizations developing systems at lower frequencies, we would
demonstrate that key components of the NAA are sufficiently mature in time for the 2020
Astronomy Decadal Survey.

The DSN and current radio telescope receiving systems define the state of the art in receiv-
ers. DSN receivers have extremely low system temperatures, typically 25 K or better, but in
fairly narrow bands (mostly at S-, X-, and Ka-bands) with typical bandwidths no larger than
10 percent [1]. The VLA, operated by the National Radio Astronomy Observatory (NRAO),
employs five different receiving systems that mostly cover the 8-48 GHz frequency range
(8-10 GHz, 13-15 GHz, 20.2-22.2 GHz, 31-33 GHz, and 40-42 GHz). These systems have
typical receiver temperatures of 25 K or so over octave or narrower bandwidths. By contrast,
our proposed ultra-wideband receiving system design will allow a slight decrease in the sen-
sitivity requirement in order to obtain a much larger frequency coverage and lower associ-
ated long-term operational costs.

In this article, we present initial preliminary design results of the ultra-wideband receiver
package. We report on the design of a wideband feed and wideband monolithic microwave
integrated circuit (MMIC) low-noise amplifiers (LNAs) from the foundry OMMIC. We also
include initial design results of LNAs from Northrop Grumman Corporation, and conclude
with an initial analysis of noise temperature performance of the entire ultra-wideband
receiver package.

Il. Description

The ultra-wideband receiver package under development will have direct application in the
eventual implementation of the NAA. The receiver we are designing will allow us to assess
whether wideband operation in the 8-48 GHz range can be achieved with a single receiver
while meeting the desired receiver gain and noise temperature performance. In addition,
the planned construction and testing of our receiver will provide valuable information
about receiver cost and power consumption, as well as operational costs. All this informa-
tion will have direct impact in conceptualizing the NAA.

The ultra-wideband receiver package, shown schematically in Figure 2, includes a feed,
LNAs, and a downconversion stage (the feed and LNA are cryocooled). Responding to the
combination of scientific and operational considerations, our design goals for the receiver
system are:

(1) Continuous frequency coverage of 8-48 GHz.

(2) Downconversion stage with multiple bands, providing an intermediate frequency
whose value is dependent on the number of bands selected.

(3) System noise temperature of <35 K across each of the intermediate bands.

(4) 30 dB gain across each of the intermediate bands.
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Figure 2. Layout of ultra-wideband receiver showing its various parts.

The resulting integrated, cryogenically cooled feed-receiver package will have a sensitivity
performance comparable to current narrower-band systems on radio telescopes and the DSN
but with a design that responds to the requirements of lower long-term operational costs.

lll. Feed Design

For the ultra-wideband receiver package, we are considering a single feed, capable of oper-
ating in the 8-48 GHz frequency range (6:1 frequency ratio). The wideband feed that we
are considering for this project is a scaled version of the quad-ridge flared horn antenna
model QRFH-HA-6-FL developed by Sander Weinreb’s Microwave Research Group.? The
QRFH-HA-6-FL horn is designed to operate in the range of 3 GHz to 18 GHz, but the design
concept can be scaled to allow for efficient illumination of microwave reflector antennas
over a frequency range of F| to 6F, GHz, where F| is the lowest frequency of operation. The
feed is dual-linear polarized, designed for a given half-angle, and is constructed entirely of
aluminum except for the coaxial line center conductor and SubMiniature version A (SMA)
connectors, which are gold-plated steel. The feed provides two SMA outputs, one for each
linear polarization, which will be used to connect to the LNA section. We are actively col-
laborating with Sander Weinreb’s group on the development of a scaled-up version of the

2 A. Akgiray, “New Technologies Driving Decade-Bandwidth Radio Astronomy: Quad-Ridged Flared Horn & Compound-
Semiconductor LNAs,” PhD Dissertation, California Institute of Technology, 2013.



QRFH-HA-6-FL for operation in the 8-48 GHz range. In addition, we will upgrade the feed
design so that the new design will use 2.4-mm connectors, which are suitable for operation
up to 50 GHz.

We have pinned down the feed parameters and have begun iterative optimization of the
feed design using a suite of codes including MATLAB, High-Frequency Structure Simulator
(HESS), Computer Simulation Technology (CST) Microwave Studio, and GRASP. For the pur-
pose of this effort, the baseline antenna assumption is a version of the MeerKAT? antenna
scaled to 18-m diameter. The assumed antenna is an offset Gregorian with an illumination
angle of 50 deg. The following are the assumptions we made in order to proceed with the
feed design:

e Antenna type: Offset Gregorian
e Feed design goals:
— Return loss > 20 dB
— Cross-polarization > 20 dB
—F/D=0.55
— Efficiency = 55 percent

— Output coaxial impedance = 50 Q

Two methods for optimization of the feed are being used. The first uses MATLAB, which
generates Python scripts for modifying the feed geometry in HFSS. A second approach uses
MATLAB in conjunction with CST. Optimization of the feed patterns, taking into account
spillover, LNA temperature, sky temperature, and illumination efficiency are ongoing. As

a final check of feed performance, the patterns are used to illuminate the scaled MeerKAT
antenna using GRASP. Figure 3(a) shows a drawing of the 8-48 GHz quad-ridge feed that
we are currently studying. Figure 3(b) shows example radiation patterns obtained for this
feed using our suite of simulation codes. Figure 3(c) depicts the MeerKAT antenna geom-
etry. This version of the feed works excellently at lower frequencies, while its performance
degraded slightly in the higher frequency band, due to some beam narrowing, as shown in
the plots. We are also exploring adding a dielectric rod in the middle of the feed to improve
its higher-frequency performance.

IV. Low-Noise Amplifier Design

During this effort, we also concentrated on the development of ultra-wideband LNAs at
the chip level. We performed testing of 70-nm gallium arsenide (GaAs), metamorphic
high-electron-mobility-transistor mHEMT) MMIC LNAs that we obtained previously from
the OMMIC foundry. These LNAs were tested in our laboratories and provided broadband
performance with low noise temperature. Figure 4(a) shows a picture of an OMMIC LNA
implemented for operation in the X-band. In Figure 4(b), one can observe the broadband

3 MeerKAT radio telecope, https://www.ska.ac.za/science-engineering/meerkat/
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Figure 3. (a) Drawing of the 8-48 GHz feed antenna and
(b),(c) performance of this antenna obtained with our suite of codes.

operation of these devices along the 1-18 GHz range. For instance, notice that at 8 GHz
(DSN band), we obtained a noise temperature of 5.4 K, which is remarkable. We subse-
quently used the vendor’s design kit to scale up the design of these LNAs to the 8-48 GHz
range. Figure 5 shows an image of the as-designed 8-48 GHz, 1.5 mm x 1 mm, MMIC LNA.
Also shown next to the MMIC is the corresponding LNA housing that we just completed.
The LNA design shown in Figure 5 was based on simulations performed on Keysight's Ad-
vanced Design System (ADS). Typical ADS results are shown in Figure 6, where ~10 K noise
temperature performance is obtained in the 8-30 GHz range. An order has been placed
with OMMIC to fabricate this design. We expect to receive the OMMIC LNA wafers by the
end of December 2016. Once we receive these devices, we will perform complete testing in
our laboratories to assess their noise temperature and gain performance across the entire
8-48 GHz band.

We are also investigating 35-nm indium phosphide (InP) HEMT LNAs fabricated by
Northrop Grumman Company (NGC). We are basing our 8-48 GHz LNA design on the
work carried out by Ahmed Akgiray [2]. We are currently using ADS to optimize the design
of these devices. Results of this work will be reported as soon as they become available.

V. Noise Budget

As stated earlier, one of the goals of this effort is to develop a wideband receiver package
with a maximum noise temperature of 35 K across the band. We have composed a noise
temperature budget that includes the expected contributions of all the ultra-wideband
receiver components. These components include the feed, dielectric rod, window, feed to
LNA transmission line, LNA, and post-amplifier. This budget does not include the contri-
bution of the downconverter components. In Table 1, we have tabulated the noise con-
tribution of these components for four frequencies — 8, 15, 32, and 48 GHz. The receiver
temperature, which includes all the components’ contributions, is referred to as T,,.

Note that at the lowest frequency, T, = 19 K, whereas at the top of the frequency range,
T, = 34 K. Noteworthy is the fact the main contributor to system noise is the LNA.



35 |
Gain: 35.3959

30 |
m Vo1 =-0.1V, |, = 130 UA
© 25 Vg1 - -0.09 \71 Noise |7
5 g28 = Gain
(0] 1 Vg=1.0V, l4=33.19 mA ]
& 20
0}
0 i ]
§ 15

10 [ b

5 Min Noise: 5.3716

O 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18

Frequency, GHz
(b)

Figure 4. (a) Picture of 70-nm GaAs mHEMTSs fabricated by OMMIC for operation in the 1-18 GHz range;
(b) measured noise temperature and gain plots are shown as a function of frequency for the OMMIC LNA.
Note that at 8.4 GHz, the measured noise temperature is 5.4 K.
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Figure 5. Schematic of OMMIC LNA housing package and MMIC LNA.
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Figure 6. Simulation results of OMMIC LNA performance between 1 and 50 GHz for the LNA shown in Figure 5.



Table 1. Noise temperature budget.

Noise, K At 8 GHz At 15 GHz At 32 GHz At 48 GHz
Feed 1 2 3 3
Dielectric Rod 1 1 1 1
Window 3 3 3 3
Feed to LNA 1 2 3 3
LNA 12 12 12 20
Post-Amplifier 1 2 3 4
T, 19 21 25 34

IX

VI. Conclusions

We have presented preliminary results of an 8-48 GHz ultra-wideband receiver develop-
ment for the future North America Array. Results were presented for the feed design that
were carried out via iterative optimization with our suite of codes. We are currently study-
ing the insertion of a dielectric rod in the middle of the feed to improve feed performance
at the higher frequency. Results of the feed optimization, including the dielectric rod, will
be reported in future publications. We also reported on the 8-48 GHz LNA designs we are
pursuing with 70-nm gallium arsenide mHEMTs from the OMMIC foundry and on 35-nm
indium phosphide HEMTs manufactured by Northrop Grumman. Our initial receiver noise
temperature calculations indicate that receiver operation below 35 K is possible. We plan to
continue optimizing the LNA designs via simulations and testing with the goal of improv-
ing the receiver noise temperature, especially at the high-frequency end.
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